The rapid identification of the bacteria in clinical samples is important for patient management and antimicrobial therapy. We describe a DNA microarray-based PCR approach for the quick detection and identification of bacteria from cervical swab specimens from mares. This on-chip PCR method combines the amplification of a variable region of bacterial 23S ribosomal DNA and the simultaneous sequence-specific detection on a solid phase. The solid phase contains bacterial species-specific primers covalently bound to a glass support. During the solid-phase amplification reaction the polymerase elongates perfectly matched primers and incorporates biotin-labeled nucleotides. The reaction products are visualized by streptavidin-cyanine 5 staining, followed by fluorescence scanning. This procedure successfully identified from pure cultures 22 bacteria that are common causes of abortion and sterility in mares. Using the on-chip PCR method, we also tested 21 cervical swab specimens from mares for the presence of pathogenic bacteria and compared the results with those of conventional bacteriological culture methods. Our method correctly identified the bacteria in 12 cervical swab samples, 8 of which contained more than one bacterial species. Due to the higher sensitivity of the on-chip PCR, this method identified bacteria in five cervical swab samples which were not detected by the conventional identification procedure. Our results show that this method will have great potential to be incorporated into the routine microbiology laboratory.
A major factor governing reproductive efficiency in mares is the ability to maintain an environment in the uterine lumen that is compatible with embryonic and fetal life. That important environment is often disturbed by inflammatory processes that follow contamination of the uterus with microorganisms introduced during ordinary reproductive events, such as breeding and parturition. If a mare fails to defend against the infection, she either fails to establish pregnancy or loses the pregnancy (9) . Thus, infertility and abortion caused by infections with pathogens are major causes of equine mortality and cause severe economic losses to the equine industry (31, 35) .
Several species of bacteria are the causative agents of equine abortion and sterility (36, 39) . The most frequently encountered bacteria are Streptococcus spp., Escherichia coli, Pseudomonas aeruginosa, Klebsiella spp., coliforms, Salmonella enterica serovar Abortusequi, and Staphylococcus aureus.
Infections of the reproductive tract of mares with Taylorella equigenitalis, Klebsiella pneumoniae, and P. aeruginosa are particularly problematic because they are highly contagious and easily transmitted by breeding procedures (34) .
Therefore, before the start of breeding operations, swab samples of the reproductive tracts of mares are collected for examination by bacteriological culture. Such examinations are time-consuming, and the results are usually not available until 24 to 48 h later. For the fastidious, slowly growing species T. equigenitalis, visible colony formation even takes 4 to 6 days and is often obscured by the growth of other quick-growing bacteria (8) . The principal treatment for infertility from infectious causes can be directed at reducing the number of offending organisms by exposing them to chemotherapeutic agents (9) . Different organisms have different antimicrobial susceptibilities, and successful treatment is dependent on the prompt administration of the correct drug. Thus, for the proper treatment of infected mares, rapid species detection and identification would facilitate earlier effective therapy.
Nucleic acid amplification technology has opened new possibilities for rapid microbial detection and characterization, such that growth is no longer required for microbial identification. The PCR has simplified and accelerated the in vitro process of nucleic acid amplification, and many primer sets have been developed to detect species-specific sequences in simple PCRs (7, 12, 38, 41) . However, the use of speciesspecific primers is impractical for routine analysis of clinical samples that may contain several different pathogens. To avoid a high number of individual PCRs or a complex PCR with a mixture of specific primers, it is more straightforward to use universal primers for the amplification of conserved stretches of DNA from any bacterium present in the sample, followed by sequence analysis of the PCR products to determine the species. Previous investigators have usually chosen 16S ribosomal DNA (rDNA) as a target for universal primers (32) . Analysis of the large subunit of rDNA (23S rDNA) suggests that this region shows more variation between species of medical importance than the 16S rDNA subunit (16, 20, 37) .
PCR amplification products can be analyzed in parallel by using high-density oligonucleotide microarrays, powerful analytical devices containing hundreds or thousands of probes attached to a solid support (4, 5, 40, 42, 45, 47) . Originally designed for large-scale sequencing, clinical diagnostics, and genetic analysis (15, 19, 30, 48) , microarrays likewise offer tremendous potential for microbial community analysis and specific pathogen detection. Recently, microarray hybridization of preamplified bacterial DNA sequences to arrayed species-specific oligonucleotides has been used for the detection and identification of microorganisms (5) . Because the specificity and efficiency of hybridization are difficult to control in a high-density array format, enzyme-based microarray approaches like minisequencing (28), solid-phase primer elongation (29) , and solid-phase PCR (1, 43) have been developed. A one-step method for the analysis of genomic sequence variations has been presented previously (17, 18) , based on a combination of on-chip PCR and simultaneous nested amplification with allele-specific oligonucleotide primers tethered to a glass solid support (glass chip). In this study, we extended this approach by developing a DNA chip for the identification of the common bacteria causing abortion and infertility in mares. The design of the sequence detection system was based on universal primers that amplify bacterial 23S rDNA. Using published data and additional 23S rDNA sequences of 17 microorganisms generated in this study, we constructed genus-and species-specific solid-phase primers. Bacterial DNA extracted from pure bacterial cultures was used as the template for the on-chip PCR, which amplifies bacterial 23S rDNA sequences and generates PCR fragments that subsequently bind to the appropriate solid-phase primer. Perfectly matching solid-phase primers elongated by the DNA polymerase were detected by incorporation of biotin-labeled dUTP, which allowed the visualization of reaction products by staining with cyanine 5 (Cy5)-conjugated streptavidin. Both amplification reactions, the liquid-phase amplification of 23S rDNA and the solid-phase elongation of perfectly matched immobilized primers, were combined in a single reaction mixture directly on the chip and could be performed in less than 75 min. The technique described herein also successfully identified the bacteria in cervical swab samples infected with multiple organisms.
MATERIALS AND METHODS
Bacterial strains. The bacteria causing infertility and abortions in mares that were tested are listed in Table 1 . All bacteria were cultured as recommended by the German Collection of Microorganisms and Cell Cultures and the Collection de l'Institut Pasteur, Institute Pasteur.
Cervical swab samples from mares. Swabs (Transwab for aerobes and anaerobes; Medical Wire & Equipment Co. Ltd., Corsham, England) were taken from the endometria and cervices of mares and tested for the presence of bacteria which are known to cause infertility or abortion in mares. All samples were taken by veterinary surgeons using standard techniques (2) and were sent within 48 h to a veterinary diagnostic laboratory (INVITRO, Vienna, Austria), where the swabs were examined by conventional identification methods (22) and subsequently incubated in 3 ml of tryptic soy broth (Difco, Detroit, Mich.) for 24 h at 37°C. If the bacteria failed to grow by the procedures used for conventional identification, the experiments were repeated with samples from incubated cultures of the swabs. The incubated samples were frozen at Ϫ20°C until the DNA was extracted.
Extraction of bacterial DNA. The bacterial reference strains were cultured on tryptone soy agar (Oxoid, Basingstoke, United Kingdom) or Columbia blood agar (Oxoid) overnight at 37°C. A single colony was suspended in 200 l of phosphate-buffered saline (0.14 M NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 [pH 7.4]). The DNA was isolated with an Easy-DNA kit (Invitrogen, Carlsbad, Calif.) according to the instructions of the manufacturer. Three microliters of each of the DNA suspensions was used in the 23S rDNA PCR described below.
For extraction of DNA from clinical samples, a 750-l aliquot from the overnight culture was centrifuged at 10,000 ϫ g for 5 min and the supernatant was discarded. The pellet was resuspended in 200 l of phosphate-buffered saline. The bacterial DNA was extracted with the Easy-DNA kit according to the instructions of the manufacturer.
PCR amplification of the 23S rDNA of pure bacterial cultures and determination of PCR product sequences. The universal primers chosen were based on conserved regions (helix 43 and helix 69) within the bacterial 23S rDNA reported previously (46) . The sequence of forward primer 43a2 was 5Ј-GACAGCCAGG ATGTTGGCTTAGAAGCAGC. The degenerated reverse primer was an equimolar mixture of the following two primers: primer 69ar2 (5Ј-GGAATTTC GCTACCTTAGGACCGTTATAGTTACG) and primer 69arrh (5Ј-GGAATT TCGCTACCTTAGGATGGTTATAGTTACC). The primers were synthesized with an Expedite 8909 nucleic acid synthesizer (Perseptive Biosystems, Foster City, Calif.) with standard phosphoroamidite chemistry.
PCR amplifications were done in 25-l volumes containing 12.5 pmol of each primer, 200 M each deoxyribonucleoside triphosphate, 2.5 l of 10ϫ PCR buffer (100 mM Tris-HCl, 15 mM MgCl 2 , 500 mM KCl [pH 8.3]), and 0.5 U of Taq DNA polymerase (Roche Diagnostics, Mannheim, Germany) made up to 25 l with sterile water. Three microliters of DNA was used as the template. PCR was performed in a Robocycler (Stratagene, La Jolla, Calif.), as follows: 5 min of denaturation at 95°C, followed by 30 cycles of 1 min of denaturation at 95°C and 2 min of annealing and extension at 70°C, with a final extension step of 5 min at 72°C. Ten microliters of each PCR product was subjected to electrophoresis on a 1% (wt/vol) agarose gel and visualized with ethidium bromide (0.5 g/ml).
The PCR products of bacteria for which no sequence information was available in public databases (EMBL, GenBank, and DDBJ databases) were sequenced with an ABI Prism 3100 Genetic Analyzer (PE Applied Biosystems, Foster City, Calif.) by using the same primers used in the PCR amplification step.
Alignment of partial 23S rDNA sequences and development of genus-and species-specific solid-phase primers. The partial 23S rDNA sequences of the bacterial strains examined in this study, obtained either by sequencing or from public databases, were aligned with the multiple-sequence-alignment computer program GeneDoc (version 2.6.002; Pittsburgh Supercomputing Center, University of Pittsburgh [http://www.psc.edu/biomed/genedoc]).
Using this information, we designed genus-and species-specific solid-phase primers with similar melting temperatures ( Table 2 ). These solid-phase primers were further tested for their specificities by using BLAST programs (3). The oligonucleotides were synthesized with an Expedite 8909 nucleic acid synthesizer (Perseptive Biosystems) with standard phosphoroamidite chemistry. All solidphase primers were synthesized with a 5Ј terminal (CH 2 ) 6 -NH 2 modification (Cruachem Ltd., Glasgow, United Kingdom) and purified by perfusion chromatography on a BioCAD Sprint system (Perseptive Biosystems), as recommended by the manufacturers.
Preparation of activated derivatized glass slides. Standard glass slides (Melvin brand; Sigma-Aldrich) were cleaned by sonication in 1% Alconox detergent and were subsequently immersed in concentrated HCl-methanol (1:1) for 12 h at room temperature. The slides were washed with deionized water and dried under an air stream. The glass surface was coated with 3% 3-aminopropyl(trimethoxy)silane (Sigma) in 95% ethanol for 3 min, rinsed with 95% ethanol and water, and finally cured at 80°C for 30 min. Amine-modified solid-phase primers were spotted onto the derivatized glass slides by use of a SpotArray 24 instrument (Packard Bioscience). The spotted glass slides were incubated at room temperature in 70% humidity for 12 h. Prior to use the slides were washed in 100 mM Tris (pH 9.0)-150 mM ethanolamine-0.1% sodium dodecyl sulfate for 15 min and subsequently rinsed with water and dried under an air stream.
On-chip PCR. The 13-l PCR mixture that was prepared contained 2ϫ HotStar Taq PCR buffer; 100 M each dATP, dGTP, and dCTP; 65 M dTTP; 35 M biotin-16-dUTP (Roche Diagnostics); 0.25 g of bovine serum albumin/l; 25% (vol/vol) Self-Seal Reagent (MJ Research, Waltham, Mass.); 1 U of HotStar Taq DNA polymerase (Qiagen); and 1 M 23S rDNA-specific primers (primers 43a2, 69ar2, and 69arrh). Two microliters of each of the DNA extracts was added prior to thermal cycling. After application of the reaction mixture onto the oligonucleotide array, a glass coverslip (22 ϫ 22 mm) was mounted to seal the reaction mixture.
The PCR was carried out with a PTC 200 In Situ slide thermocycler (MJ Research), as follows: 80°C for 5 min and 95°C for 6 min, followed by 30 cycles of 40 s of denaturation at 95°C and 90 s of annealing and extension at 70°C.
After PCR the slides were placed in 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate for 3 min with gentle agitation. The coverslips were removed and the slides were stained with Cy5-labeled streptavidin in TBST buffer (150 mM NaCl, 10 mM Tris, 0.5% Tween 20 [pH 8.0]) for 2 min at room temperature. The glass slides were washed for 3 min in TBST, rinsed with deionized water, and dried under an air stream. Haemophilus influenzae AF090108 GCGTTGTGTAAGCGGAAGAAGGTTC a Sequence determined in this study.
In the case of any inconsistent results by the on-chip PCR, the PCR for the corresponding sample was repeated in tubes with the universal reverse primer set and the appropriate solid-phase primer with which amplification failed by the on-chip PCR. All such PCRs were done with 25-l volumes containing the same concentrations of reagents and the same PCR program as described under "PCR amplification of the 23S rDNA of pure bacterial cultures and sequence determination of the PCR products."
Fluorescence scanning and automated data analysis. The amount of biotinlabeled dUTP incorporated into the PCR products was determined by measuring the amount of Cy5 label by scanning with an Affymetrix (Santa Clara, Calif.) 418 scanner at a 10-m pixel resolution. Fluorescence intensities (medians after subtraction of the local background) were calculated with Genepix (version 4.0) software (Axon Instruments, Union City, Calif.). In this study we defined the minimal fluorescence intensity as 10,000 arbitrary units; only fluorescence signals above this threshold were considered positive. This cutoff was determined in preliminary on-chip PCR experiments by calculating the median background signals of the non-species-specific oligonucleotides obtained with the DNAs of the different type strains.
Nucleotide sequence accession numbers. The EMBL accession numbers for the sequences determined in this study are AJ549077, AJ549078, AJ549079, AJ549080, AJ549385, AJ549386, AJ549506, AJ549507, AJ549508, AJ549509, AJ549510, AJ549511, AJ549512, AJ549513, AJ549514, AJ549515, and AJ549516 (Table 2) .
RESULTS
Assessment of the universal 23S rDNA primers. The universal primers were based on previously described conserved regions of the bacterial 23S rDNA (helix 43 and helix 69) (46); using these universal primers, we were successful in amplifying the region of interest from all DNAs extracted from 22 bacterial type cultures. All PCRs produced bands of the expected length of 875 bp with the exception of the PCR with the DNA extract of T. equigenitalis, which yielded a band of approximately 900 bp. The PCRs with DNA extracts of Proteus mirabilis, Proteus vulgaris, and S. enterica serovar Abortusequi produced an additional band of approximately 900 bp. An additional band of approximately 1,000 bp was obtained with Rhodococcus equi. Sequencing of the PCR products revealed that the differences in lengths were caused by insertions and intervening sequences. The occurrence of such 23S rDNA insertions has also been described by others (24, 26, 37) . No bands were identified for the DNA-negative amplification controls.
Development of genus-and species-specific solid-phase primers. The 23S PCR products from bacteria for which no adequate sequences were available in public databases were sequenced in this study. All 23S rDNA sequences were aligned by using the multiple-sequence-alignment computer program GeneDoc. Based on this information, we developed 32 genusand species-specific solid-phase primers (Table 2 ) with annealing temperatures (69 Ϯ 2°C) close to those of the universal liquid-phase primers (70 Ϯ 2°C). This not only avoided the production of nonspecific solid-phase PCR products but it also allowed the use of a single PCR program for both the liquidand the solid-phase PCRs. High annealing temperatures also made it possible to combine the annealing and extension stages of the on-chip PCR (17, 18) , resulting in short cycle times (approximately 75 min with a PTC 200 In Situ slide thermocycler). On-chip PCRs were conducted with DNA extracts of all 22 bacterial type culture strains used in this study. The DNA chip layout contained the species-specific primers arrayed with 11 replicates (12 spots), allowing the easy identification of the reaction products (Fig. 1) . With the DNA chip developed, all 22 bacterial strains tested in this study with the exception of Staphylococcus intermedius, Pseudomonas fluorescens, and Bordetella bronchiseptica were clearly identified to the species level. No probes specific for these species were present on the DNA chip. S. intermedius produced a fluorescence signal with the primer specific for Staphylococcus spp.; no positive signal was obtained for P. fluorescens because no Pseudomonas sp.-specific primer was included on the DNA chip. These strains were used in this study only to prove the discriminatory power of the primers specific for S. aureus and P. aeruginosa. B. bronchiseptica was identified as expected by the specific primer corresponding to the Bordetella spp. As an example, the results of the on-chip PCR for the detection of R. equi are shown in Fig. 2 . The patterns of reaction products observed allowed the accurate identification of all type strains used in this study Table 2 . Black circles in the upper left and lower right corners are guide dots used for orientation and grid alignment during analysis. Dots with buffer only are referred to as empty. For reasons of clarity, each solid-phase primer is schematically indicated by three replicate dots; the real DNA chip layout contains 11 replicate dots for each primer.
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on October 15, 2017 by guest http://jcm.asm.org/ (Table 1 lists the designed species-specific primers together with the observed pattern of reacting primers). On-chip PCR with DNA extracts from clinical samples. Twenty-one overnight cultures of swab specimens of the cervices or endometria of mares were tested by the on-chip PCR for the presence of a multitude of specific pathogenic bacteria. All samples were also examined by conventional identification methods used in routine microbiology (Table 3) . While the on-chip PCR can detect only those bacteria for which specific primers are present in the solid-phase primer array, the conventional bacterial identification method is based on bacterial growth on plates and thus also includes bacteria which are not relevant for the exclusion of breeding.
By the conventional identification methods, at least two different bacterial species were identified in 16 of the 21 (76%) clinical samples examined; only one bacterial species was detected in the remaining 5 clinical samples (24%).
The on-chip PCR method identified a single bacterial species in nine (43%) samples and two or more different bacterial species in seven (33%) samples. An example of an on-chip PCR result obtained with a clinical swap sample positive for E. coli is shown in Fig. 3 . The remaining five (24%) clinical samples were negative by the on-chip PCR; the negative result was caused by on-chip PCR failure for only three of these five samples. In summary, the results for 12 (57%) of the clinical samples obtained by the on-chip PCR were in complete agreement with those obtained by conventional identification methods.
Next, we analyzed the pathogen detection results obtained by both methods, the conventional identification method and the on-chip PCR method, in more detail at the level of the bacterial species identified. Altogether 57 different bacterial species were identified by both identification methods in the 21 clinical samples examined ( Table 3 ). The on-chip PCRs yielded matching results for 47 bacteria (82%) identified by conventional methods. Of these 47 bacteria, 21 (45%) were precisely identified by the on-chip PCR assays, while no probes specific for the remaining 26 (55%) bacteria were included on the DNA chip and so no false-positive signals were observed for these bacteria. In four cases (7%) the on-chip PCR failed to detect bacteria whose presence could be verified in a corresponding conventional PCR control experiment. In six cases (11%) the conventional method and the DNA chip identified different bacteria. the conventional method identified the organism in one sample as Pantoea agglomerans, whereas the on-chip PCR identified the organism as a Staphylococcus sp.
For five samples, the DNA chip provided a clear identification of the specific pathogens verified by conventional PCR, while the conventional method failed to detect any microbial growth.
DISCUSSION
In previous work (17, 18) a novel DNA microarray platform suitable for sequence amplification and detection was developed. The platform combines the liquid-phase amplification of genomic DNA and a specific solid-phase PCR into a one-step reaction. In this study we extended this strategy and developed an approach for the molecular identification of bacteria causing abortion and infertility in mares. For the liquid-phase amplification we designed universal primers which amplify the region of the 23S rRNA gene between helix 43 and helix 69 (46) . We chose the 23S rDNA sequence as the target for the specific solid-phase primers because previous studies showed that it has a higher degree of variability, especially in the region that we used in this study, compared to that of the corresponding 16S rDNA sequence (20, 21) . The use of universal primers for the amplification of the templates for the solid-phase PCR of all bacteria is more straightforward than the use of single bacterial species-specific primers (5, 13, 25, 27, 33) . This is particularly important for samples in which a broad range of different bacteria may be present, as is the case for cervical swab samples. We developed moderately degenerated universal primers with relatively high annealing temperatures to avoid the formation of nonspecific amplification products during the liquid-phase PCR.
In this study, the DNA chip contained solid-phase primers suitable for the detection of common bacterial species causing abortion and infertility in mares. All 22 bacterial type culture strains tested in this study were unambiguously identified with the DNA chip. With only two exceptions, the pattern of the fluorescent product observed was identical to the theoretical outcome according to the solid-phase primer design, based on the alignments of the 23S rDNA sequences. Solid-phase primers designed for the identification of bacteria of the family Enterobacteriaceae showed fluorescence signals which were unexpected from the alignment of the 23S rDNA sequencing products ( Table 1) . Members of the family Enterobacteriaceae have highly similar, multiple 23S rDNA sequences which may not be identical even within a given species (6, 10) . This intraspecific diversity of the 23S rRNA gene in the family Enterobacteriaceae might readily explain the observed cross specificities. In particular, the cross-specific signals obtained with helix 63-specific primers 5b, 5c, 6a, and 6c might be caused by such intraspecific variation. Helix 63 is a major polymorphic site of the 23S gene in E. coli (6) , and we suggest that this might also be the case for other members of the family Enterobacteriaceae (5) . Although the DNA chip in its present form allowed the accurate discrimination of the type strains of members of the family Enterobacteriaceae used in this study, more reference strains of this group of bacteria should be tested in the future to design more unambiguous solid-phase primers.
The primer specific for Streptococcuss equi subsp. zooepidemicus unexpectedly detected Streptococcus equi subsp. equi as well. Investigation of the primer sequences revealed that a G-T wobble base pairing might account for this observed nonspecificity, a technical problem which can easily be solved by using antisense strand binding solid-phase primers on the next generation of the DNA chip.
It should be noted, however, that despite the problems described above, all strains of the family Enterobacteriaceae and streptococcal strains tested in this study were distinguishable from each other due to their specific patterns and combinations of fluorescence products. An important feature of this identification system is that the number of solid-phase primers can be continually extended to include sequences for additional species or variant isolates as they are characterized.
In tests with 21 cervical swab samples, the conventional identification methods showed results different from those of PCR detection by the on-chip PCR and/or the conventional PCR for only 6 (29%) samples. In one case P. agglomerans could not be detected by the on-chip PCR. Because the specific solid-phase primer present on the DNA chip also failed to amplify the DNA of this bacterial strain when it was used in a conventional PCR, we suggest that this result can be explained by an intraspecific diversity of the 23S rDNA gene (6) . More isolates of this species should therefore be sequenced in the future in order to clarify this issue. On the other hand, the possibility remains that conventional testing produced a falsepositive result. For the other five samples, the on-chip PCR detected bacteria (Enterobacter spp. in two samples, S. equi in two samples, and P. aeruginosa in one sample) that the conventional methods failed to detect. This can be explained by the higher sensitivity of the on-chip PCR method, which also detects small amounts of bacteria or even bacteria that are not viable (25) . On the other hand, for three cervical swab samples the conventional identification methods detected bacteria (S. aureus and S. equi in one sample and coagulasepositive staphylococci in the other two samples) for which specific solid-phase primers were present on the DNA chip, but no fluorescence signals were obtained for these bacteria. After investigation of these false-negative results, we found that the inclusion of additional washing steps in the DNA extraction protocol resulted in positive amplification of all affected samples by conventional PCR and also, subsequently, by the on-chip PCR in two samples (data not shown). In this regard, the overall level of agreement of the on-chip PCR with the conventional methods was 67%. Thus, our observed negative results could be readily explained by the presence of contaminants inhibitory to the PCR. We therefore suggest that additional washing steps would likely further increase the sensitivity of the on-chip PCR for the identification of bacteria. In addition, use of a sophisticated DNA extraction method may ensure the more effective amplification of samples. This could also improve the complete procedure in terms of assay time, as DNA extraction is the most time-consuming step at present. Furthermore, positive controls should be included on future diagnostic microarrays in order to identify possible false-negative results due to adverse inhibitory effects.
The availability of a rapid method for species identification is important for the identification of mares that are asymptomatic carriers of the highly contagious bacteria T. equigenitalis, K. pneumoniae, and P. aeruginosa. This is particularly the case for T. equigenitalis, the causative agent of contagious equine metritis. T. equigenitalis is a fastidious and slowly growing bacterium, with the time to detection being 6 days or more by conventional methods. In order to prevent long-term infections and possible sterility, it is extremely important to detect this bacterium as early as possible (7, 8, 44) .
Our on-chip PCR approach may also be useful for the routine screening of humans for important pathogens responsible for lower genital tract infections. Lower genital tract infections are common (prevalence, 40 to 54%) among apparently healthy pregnant women in developing countries and can cause low birth weight, eye and lung damage in the newborn, and even fetal loss (23) . Therefore, there is a need for rapid and reliable laboratory test systems for the diagnosis of reproduc-VOL. 42, 2004 DETECTION OF BACTERIA BY ON-CHIP PCR 1055
on October 15, 2017 by guest http://jcm.asm.org/ tive tract infections. Recently, several detection and identification systems that are based on microarray hybridization of PCR-amplified fragments to species-specific oligonucleotide probes have been described (4, 5, 11, 14) . As a major drawback, these methods require template DNA that must be prepared separately in a DNA amplification step prior to the actual hybridization reaction. We addressed this critical point by combining on-chip PCR of template DNA and the simultaneous nested amplification with species-specific oligonucleotide primers tethered to a glass support. This not only avoids laborious sample preparation steps (only a single pipetting step is virtually needed to launch the reaction from a preprepared master mixture), but it also represents an important benefit with respect to the prevention of potential sample contamination. Due to the exquisite specificity of the on-chip amplification reaction (17) , single-base alterations in the template DNAs can be detected. This is especially important for the identification of species which show only minor differences within their 23S rDNA sequences, as is the case within the family Enterobacteriaceae (5).
In conclusion, we have developed a rapid DNA-based method for the identification of a wide range of clinically significant bacterial species in cervical swab samples from mares. By this method we were also able to correctly identify complex mixtures of bacteria. The results are available within 5 h, and after further improvements to the DNA extraction procedure, this time might even be substantially reduced. A major advantage of such a microarray-based identification system is that the number of organisms that can be identified simultaneously can easily be extended by adding further species-specific oligonucleotides to the microarray. Provided that information on the 23S rDNA sequences of more bacterial isolates will become available, this method will have great potential to be incorporated into the routine microbiology laboratory.
